Optomechanical devices-such as XYZ micropositioners widely used for alignment of optical systems, rotary gratings and etalons that vary the wavelength of tunable lasers, and focusing lenses in CD-ROMs that constantly move to maintain focus and tracking-are essential components of many optical systems. Unfortunately, conventional optomechanical devices are bulky, slow,
How MEMS are fabricated MEMS technology includes both bulk and surface micromachining. In bulk micromachining, precise mechanical structures are created on silicon wafers by anisotropic etching. The etching rate of silicon in (111) crystal planes is much slower than in (100) or (110) planes in etchants such as EDP, KOH, or TMAH. As a result, bulk micromachining can create very precise V-grooves, pyramidal pits, and cavities. This is a very mature technology, and the optics community has long been using V-grooves for positioning or aligning optical fibers and micro-optics.
In contrast to bulk micromachining, surface micromachined structures are made entirely from thin films deposited on the surface of a wafer. Alternating layers of structural and sacrificial layers are successively grown and patterned on the substrate. Sacrificial etching, the key technology for surface micromachining, selectively removes sacrificial layers from underneath the structural layers, creating free-standing thin-film mechanical struc tures. Sacrificial etching was initially used to produce mechanically resonant field effect transistors in 1967. 3 Polysilicon thin films and silicon dioxide sacrificial layers have become the most popular surface micromachining materials because of their excellent mechanical proper ties and the high selectivity of sacrificial etching. 4 Figure 1 . Here, several XYZ stages are used to align the microlenses and a tun able optical delay line to form a femtosecond optical autocorrelator. Similarly, many other optical functions can be implemented on an FS-MOB. FS-MOBs offer many advantages over conventional optical systems.
Low-cost batch processing
Unlike conventional optical systems with custom design and expensive assembly, the batch-fabrication process, similar to those used in the integrated circuit industry, can Since FS-MOB uses photolithographic processes to make micro-optical elements and optomechanical structures at the same time, optical elements can be pre aligned during layout of the photomasks. Optical pre alignments establish the "interconnections" among the optical elements. This is similar to integrated circuits, where the interconnections between transistors are fab ricated at the same time as the transistors. The mechani cal clearance between the movable structures and the lithographic tolerance limits the accuracy of the align ment to a couple of micrometers.
On-chip microactuators
Perhaps the most striking difference between FS-MOB and conventional optical systems is that micromachined microactuators can be monolithically integrated with the optomechanical structures and micro-optical ele ments. These microactuators can perform fine optical alignment (with accuracy better than 0.1 μm), optical switching, scanning, or focusing and tracking in a dynamic environment.
Single-chip optical system
With MEMS ability to cascade multiple optical elements on the same substrate and to simultaneously fabricate micro-optics, optomechanical structures, and microac tuators by the batch process, it is not hard to imagine that the entire optical system can be monolithically inte grated on a silicon chip. 6 shown in Figure 1 . Their optical axes are parallel to the substrate so that the optical elements can be cascaded, similar to the bulk optical systems built on optical tables. Conventional micro-optics fabrication techniques can only produce inplane microlenses, that is, microlenses lying on the surface of the substrate. In MEMS FS-MOB, the surface-micromachined microhinges 7 can "flip up" the microlenses after they are fabricated. Figure 2 shows the fabrication process of an out-of-plane refractive microlens. First a hinged optomechanical frame is made using surface-micromachining. Then, the spherical microlens on the frame is formed by photolithography and the reflow process, a technique commonly used by the micro-optics communi ty to make refractive lenses. (Or alternatively, grey-tone lithography can produce even more versatile microlens profiles.) After release etch, the optomechanical frame is free to rotate around the microhinges. The microlens is assembled in the upright position. Since the same surface micromachining process produces both the hinged opto mechanical frames and the microactuators, the micro actuators can be used to perform the assembly process.
One of the most important building blocks of FS MOB is the out-of-plane micro-optical elements
The out-of-plane microoptical elements can also be integrated with actuated translation or rotation stages for optical alignment or tuning of an optical cir cuit. Instead of anchoring the optomechanical plates to the substrate, it is attached to another sus pended polysilicon plate, which is free to move in the direction determined by the confinement structures. Figure 3 shows an SEM of a micro-Fresnel lens integrat ed on a translation stage. The translation stage is dri ven by eight parallel actua tors, called scratch drive actuators (SDA), 8 and bal anced by a restoring spring. The SDA is basically a step per motor with an ex tremely fine step size. It consists of a polysilicon plate with a vertical bush ing. Upon application of an electrical pulse, the electrostatic force will deform the polysilicon plate. The downward motion pushes the front bushing forward by a small step. Upon release of the bias, the friction at the front bushing, which is larger than that at the backside of the plate, pulls the entire With MEMS ability to cascade multi ple optical elements on the same substrate... it is not hard to imagine that the entire optical system can be monolithically integrated on a silicon chip. losses due to longer optical paths, but in general the losses are still much lower compared with other types of switches. Furthermore, since the light is usually com pletely blocked and reflected to the output channel, the isolation and crosstalk are very small (typically below the measurement limit of -60 dB). MEMS switches are also much faster than conventional optomechanical switches. As the size of the switch scales down to micro scale, the mass becomes miniscule and its resonant fre quency becomes very high. Typical MEMS switching time is below a millisecond. 10 
